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SUMMARY 

The performance of "swirl-can" combustor elements f o r  an experimental 
short-length  turbojet  combus_tor hydrogen fuel was studied a t  

through a tangential,  soqic created a swir l in4  fuel-air  
high-altitude  operating  conhit ions. 1 was injected  into  each  element 

m f x t u r e  within  each  element. The elements  varied from 1.5   to  2.5 i ~ ~ c h e a  
i n  length  and  from 1.3 t o  2.0 fnches in  diameter-and  served as combined 
f ~ . & r s .  and bi l izeys,  Co$ustion eff ic iency of the 
fndividual elements- 70 percent a t  a reference  velocity of 180 
feet per  second, a pressure of 5.7,inches of  mercury absolute, and an 
inlet  temperature of 350° F i n  a conibustor length of about 13.5 inches. 
Conical and cylindrical  elements  with an i n l e t  that was covered  with an 
orifice  plate  blocking  about 75 zercent of the  area  operated  stably  with 
hydrogen ' to   veloci t ies  as high as 280 feet per second at the same i n l e t  
air pressure and temperature.  Temperature  distribution downstream from 
an individual  element  tended t o  have a hot  center coye; more unifqrm 
dis t r ibut ions w e r e '  obtained'with  V-gutter .flame spreaders a t  the dowd- 
stream  end of the  elements. The swirl-cam  elements  also  operated satis- 
fac tor i ly ,  a t  less severe  condiflons, w i t h  gaseous p r - a n e  

" 
. ". 

A quarter-annulus 'conibustor with an array of these elements gave 
combustion eff ic iencies  exceeding 85 percent in preliminary tests a t  a 
reference  velocityvof 180 feet per second, a pressure of 5.7  inches of 
mercury absolute, an i n l e t  temperature- of 350° F, and a combustor.lengbh 
of 13.5 inches.  Total-pressure l o s s , f o r  t h i s  conibustor w a s  low; the  
outlet   temperature  distribution  was-init ially  unsatisfactory  but w a s  ex- 

INTRODUCTION MAY 14 1957 

Hydrogen used as a f u e l  f o r  turbojet  engines has shown promise of 
considerable  increases  in  aircraft  range; in addition,  liquid hydrogen 

Langley Fieid, Va. 



" 
w 
3 

r" 
22  *. x r"--- NACA RM E57C18 

* r  -3 : - G ?  . j t  ." -; f " L * i  . 
" - - 

i &&J '.-!.*. f ? . . " .  , - .  r \ .  
* .  -, 

large  potent ia l  heat s ink for airframe and engine  cooling 

stion.performance of hydrogen-fuel at the  very  severe  operat- 
for   very  high  f l ight  speeds (ref's. 1 and 2) . Satis-  

a t  high  altit,ude has been  demonstrated i n  
full-=calerrfturbojet  engine  tests  (ref. 3). Finally,  the use of this f u e l  
may alloy-imajor  reduction  in combustton-cha@bEr length,  enabling a 
saving  in  eagine w e i g h t .  c-- " - .- - 

i 
" 

Expersenta l  performance r e su l t s  have already been reported  in  the 
l i temtwre.  fo r  a hydrogen-fuel turbojet  combustor two-thirds  the  lengbh 
of -awonVex$ional annular  turbojet combustor ( re fs .  &and 5) . The shorten- 
ing ,of .th+ ombustion chamber was accomplished.  by a r e d u c t i k  in  the 

* .  primary Eo-dustion-zone  length; a substantial   length w a a  still required 
" f o r  rni&n&old secondary air and the  hot combustion gases f o r  suitable 

turbine-inlettemperature  profiles.  

I n  a current  research program conducted a t  the NACA Lewis laboratory, 
an al ternat ive approach to   tu rboje t  combustar design is being  explored 
which permits  reductions in the ,secondary cambust ion-zone length as well 
as  in   the primary-zone  length,,'. In t h i s  d.esQn, the combustor i s  composed 
of a large rider of similar..elements which combine the  functions OF 
fue-jectio-n2 rnixiqg, .=d flame stabFLfzatLon. These e lemnts   a re  small 
cans  within which rapid  swirlingmixee  the fuel and air i n  a very s'hort 
length.   Thee individual swirl-can  elements can be combined into a 
mul t ia i t   a r ray   cover ing   the  combustor cros8  section. The a i r  necessary 
t o  complete the  burning and reduce  the  temperature to   the  desired  turbine-  
i n l e t  temperature flowa through  the  spaces between the combuetor elements. 
This  procedure results in many small cores of hot gas with a l a r g e   i n b r -  
face area between the hot and cold streams. Rapid mixing can therefore 
be  expected. This i s  in   contrast  t o  the usual combustor design where 
d i lu t ion  air passing from an annulus into a single,  large  core of hot 
gases  requires a relat ively long length  for  adequate mixing. 

This  report  presents  the first phase of this   research program. In 
t h i s  phase,  the  individual  swirl-can  elements that compose the  combustor 
array are investigated. The isolated elements w e r e  operated with gaseous 
hydrogen i n  a one-twelfth  sector of an  annular  turbojet combustor. Com- 
bustion  efficiencies were bves t iga ted  over a range of i n l e t  total pres- 
sures from 5 .? t o  14.7 kches  *mercury absolute,  reference  velocities 
(baeed upon i n l e t  conditions and maximum cambustor cross  section) from 
75 t o  180 feet per second, and a temperature of 350' F. These c.onditions 
included  simulated  operation of an  engine G t h  a compressor preesure  ratio 
of 6.8 at a l t i tudes  from 70,000 t o  90,003 'Peet € i t a  Mach number of 0.9. 
Blowout limits w e r e  determined at combustor-inlet  reference  velocities up 
t o  280 feet pe r  second and t o t a l  pressures as low as 4.0 inches of mercury 
absolute.  .Effects of geometry a d  f u e ~ i n j e c t a r . R o s i t i o n  on t h e   s t a b i l i t y  
and  combustion efficiency of t h e   e l e k n t s  axe  described, and examples of 
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the  exhaust  temperature  distributFon  downstream  of the combustor  are 

poses. In addition,  preliminary  results  obtained  with an array  of 
several  combustor  elements  in a quarter-annulus  short  combustor  are 
presented. 

r shown. Brief  tests  were also made with  propane fuel for comparison pur- 

SYMBOLS 

A area 

G mass glow rate  per  unit aslea 

gc gravitattonal  conversion  factor 

H total  enthalpy 

M 

3 
P pressure 

R specific  gas  constant 

T temperature, OR 

t temperature, OF 

v velocity,  ft/sec 

r;l 
0, 
u 

c 

r ratio  of  specific  heats 

Subs cr  ipts : 

B combustor  outlet 

3n Fnle t 

M mass-weighted 

ref  reference 

8 static 

t total . 
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A schematic  diagram  of the combustor  installation  is  shown  in  figure 
1. Air of the  des  ired  quantity  and  pressure was drawn f r o m  the  laboratory 
air supply  system,  metered  with a sharp-edged  orifice,  passed  through  the 
combustor,  and  exhausted  into  the  altitude  exhaust  system.  Combustor- 
inlet  temperatures  were  controlled by an inlet  air  heat  exchanger  sup- 
plied  with  hot  exhaust  gases  from & gasoline-fired  slave  combustor. 
A i r f l o w  and  combustion-chamber-inlet  total  pressure  were  regulated by 
remotely  controlled  valves  with  bypass  lines  and  valves  for  fine 
adjustments. 

The fuel  supply  system  was  similar  to  that  used  in  previous  research 
described in reference 5. The fuel was  commercial  hydrogen  with a purity- 
in  excess  of 99 percent.  It was supplied i n  compressed-gas  traflers  at 
a maximum pressure of 2400 pound6  per sqmre  Uch. The fuel from  the 
cylinders  was  reduced in  pressure  to 20 to 80 pounds per  square  inch 
gage,  metered  with a sharp-edged  orifice,  and  then  injected  into  the m 

combustor. 

The  combustor  test  section  consisted of a one-quarter  sector of an 
annular  combustor  having &z1 outside  diameter  of 25.5 inches and an inside 
diameter of 10.8 inches.  This  combustor  housing  was  divtded i n t o  three 
equal  sectors by means  of radial separatlon  plates,  each  consisting of 
two  parallel  0.06-inch w a l l s  separated by an  air-cooled gap of 0.12 Inch. 
With  this  arrangement,  it was possible to investigate  three  different 
combustor  elements  simultaneously.  The  codbustor  cross-sectional  area 
was lQ5 square  inches  for  the  one-quarter  sector:  each of the  three 
one-twelfth  sectors  occupied  approximately 32.7 square inches,  and  the 
balance  was  the  blockage  of  the  sector-dividing  plates.. A three-quarter 
view of the conbustor  is  shown in figure 2 to illutrate the mounting of 
the  combustor  elements in the  three  independent  sectors. A cross- 
sectional  sketch  of  the  combustor  is shown in  figure 3. The distance 
from t h e  inlet of the  combustor  elements  to  the  exhaust  instrumentation 
plane was approximately 13.5 inches,  depending  upon  the  relative  place- 
ment of the  element  with  respect to the  fuel supply tube. 

A single-electrode  spark  wire  provided  ignition  for  starting  the 
combustor  elements.  Each  sector  had  its own ignition  system, and the 
spark  discharged  directly  to-the  downstream  edge  of  each c&ustor element. 

Combustor  Instrumentation 

The combustor  instrumentation  stat  ions  are  shown in figure 1. A t  
station 1 four  bare-wire,  Chromel-Alumel  thermocouples, four t o t a l -  
pressure rakes, and a static-pressure tap measured the combustor-inlet 
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t o t a l  temperature, total   pressure,  and static  pressure,   respectively.  
A t  s t a t ion  2, a combined total-pressure and platinum-13-percent-rhodium - 
platinum  aspirating-thermocaple  probe in a polar-coordinate  traversing 
mechanism (ref. 6) measured conibustor-outlet total   pressures  and t o t a l  
temperatures. The probe moved circumferent ia l ly   across   a l l  three sectors  
a t  f i v e  radial positions  representing  centers of equal  annular areas. 
A two-pen X-Y recording  potentiometer  connected to  the  survey system re- 
corded outlet  temperatures  and  total-pressure drop across  the combustor 
from sta t ions  I t o  2. S t a t i c  pressure was  a l so  measured a t  s t a t ion  2 
at duct w a l l  taps .  0 w 

Combustor Elements 

. 

The operation of a swirl-can combustor element is i l l u s t r a t ed  
schematically in figure  4(a).   Fuel was injected from a simple o r i f i ce  
a t  sonic  velocity  tangential   to  the  inner  surface and approximately 
normal t o   t h e  axis of the  can. The tangent ia l   veloci ty  of the   fue l  
caused  the  fuel t o  spiral downstream along the  inside of the w a l l  of the  
combustor element as verified  by  heat marks within  the  elements  and 
observation of the  flame through the  periscope. Thus, the length of the  
average  path  travelled  by the f u e l  stream through  the couibustor  element 
was considerably  greater thas the  axial distance  from  the fuel injector  
t o   t h e  downstream edge of the  element. 

A cross-sectional view of a typical  swirl-can combustor element is 
shown i n   f i gu re  4(b). Each element  consisted of a conical or a cylindrical  
she l l ;   f ive   s izes  of conical  shapes and three  s izes  of cylinders were 
investigated. A n u d e r  of modifications t o  the in l e t s  of the   she l l s  
were tea ted   to   ob ta in   the  best conibustion s tab i l i ty   charac te r i s t ics .  
Two configurations  also were constructed  with  V-gutter  flame  spreaders 
at the  out le t  of t he   she l l  in an e f f o r t   t o  improve outlet  temperature 
distributions.   Fuel w a s  injected  into the element  through a spray bar 
w i t h  a 0.089-inch orifice;  the  spray-bar  position was vazied from 0.62 
t o  1.62 inches  from  the  upstream edge of the  element. The dtrect ion of 
fuel inject ion was varied from normal t o   t h e  axis of the  element to an 
angle of 40° in an  upstream  direction. 

The combustor-element modifications  investigated  are  l isted and 
described  in  table I. The eight size6 of conical and cy l indr ica l   she l l s  
are designated  by  the letters A t o  E; the deaign  modifications are des  ig- 
nated  by  the numbers 0 t o  El. Performance notes in table I w i l l  be 
discussed in the RESULTS and DISCUSSION sections.  
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EliocmuBE 
Operating  Conditions 

The performance of the  swirl-can combustor elements m s  investigated 
over a range of fue l - a i r   r a t io s   a t  the following inle-kair conditions : 

Total 
pressure, 

in. H g  
Pt , in, 

5.7 

quarter ature, Vref, 
sector, 
1b/sec ttt OF in, - f t /sec 

(a) 

1.28 350 75 
.79 350 75 
.51 350 75 
.79 350 115 

1.28 350 180 

Simulat ea 
factor,  a l t i tude ,  
Sever ity 

.- . "  . g 
C 

ft 'ref 
Pt , inTt ,  in' 
cu ft/( l b  ) 
(get 1 (OR) 

7 0,000 8. 9X1Om5 
80,000 15 

35 
55 

90,000 23 
""" 

""" 

%seed on combustor maximum cross-sectional area 
of 0.73 sq f t  (quarter  annulus) and combustor-inlee 
air density. 

The first   three  conditions  represent a present-day  engine  operating a t  
8 Mach number of 0.9 w i t h  &z1 annular combustor and a compressor havtng 
a sea-level s ta t ic   total -pressure ratio of 6.8. The last two conditions 
were used t o  determinesthe  performance of the combustors a t  higher  veloc- 
ities at the  lowest  pressure  condition. The factor  Vref/pt,inTt,Fn 
characterizes  the  severity of each  operating  condition. The parameter, 
derived from an  analysis which assume8 that the  chemical  reaction ratz 
controls  the combustion efficiency (ref'. 71, has been used t o  correlate  
experimental couibustion efficiency data. Generally, three d i f fe ren t  
modela were operated  simultaneously a t  nearly  identical  conditions  with 
data from a l l  three of the  models being recorded by the  survey  probe. 

Calculat ions 
hr 
Blowout l imits .  - Blowout of the  combustor elements was observed 

visually  through a periscope mounted upstream of the combustor as shown 
in figure 1. Blowout limits are reported i n  terms of the severi ty  factor 'L 
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at blowout (Vref/pt, inTt, k)BO. Only the  pressure and velocity were 
varied.  Similar  parameters of the  type pl*'T/V (ref. 8 )  or  V/pT 
(ref. 9 )  have been  used by other   invest igators   to   es tabl iah approximate 
c r i t e r i a   f o r  combustor blowout. 

G" 

Combustion efficiency. - Combustion eff ic iency w a s  calculated RS the  
percentage r a t i o  of actual  to theoretical   increase Fn enthalpy from the  
combustor-inlet  instrumentation  plane  (station 1, f i g .  I) t o  the 
combustor-outlet  traversing  plane  (station 2, f i g .  1) using the method of 
reference 10. Enthalpy  values f o r  hydrogen and its combustion products 
were obtained from references 11 and 12. A value of 51,571 Bku per pound 
was used for   the  lower  heat of combustion of hydrogen. 

Fuel and a i r  flows t o  each of the  three individual sectors of the  
combustor housing were not measured direct ly .  The three combustor dements 
t o  be operated  simultaneously in each run were matched to   obtain  equal  
effect ive  fuel-or i f ice  s i z e s  and, consequently,  equal fuel flows before 
ins ta l la t ion   in   the  combustor housing. A8 a first approximatLon, the air-  
flaws t o  each  sector were assumed equal.  Cmbustion  efficiency was then 
calculated  from fue l -a i r  r a t i o  and enthalpy  values based upon t h i s  mass- 
flow assumption. These  combustion efffciencies  were used t o  compare the 
performances of various  configurations. 

The performance  of the most promising models was determined by means 
of a more precise  method of calculation. This calculation  required the 
determination of a mass-weighted combustor-outlet  enthalpy  and the actual  
mass flow  through  each combustor sector.  The local mass-flow r a t e  at any 
point i n  the combustor-outlet  plane could be com-Quted from the s t a t i c  
pressure ,   to ta l  pressure, and t o t a l  temperature  by the following  relation: 

The exhaust-duct  cross  section w a s  subdivided  into 50 equal area incre- 
ments aA f o r  each  one-twelfth  sector.  For each area increment, Pt,B 
and were known from the  continuous  record of the exhaust  survey 
probe,  and  the  value of ps measured a t  the w a l l  t ap  was assumed constant 
across  the  duct.  Accordingly, p t , ~ ,  ps, and %,B were subst i tuted  into 
equation (1) to calculate G f o r  each  increment. The summation of all 
incremental  airflows times the  incremental area gave the total mass flow 
per  sector. 
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The  maSB-Weightea enthalpy EM was defined  by  the summation 

H G M  

% = - c c A A  

where f o r  each  me8 increment the  enthalpy H was determined from the 
local  temperature  and  the  enthalpy data fo r  cambustion products. Substi- 
tuting  equation (1) into  equation (2) and assuming pI R, and r t o  be 0 
approximately  constant across the  duct give 

rp 
!L!l 

% =  

RESULTS 

A summary  of the combustion  performance character is t ics  of the  dif-  
ferent  combustor elements  investigated  with hydrogen fuel is presented 
in   table  I. A brief  description of the design modifications imde and 
the purpose of the  modification  are  noted in the  table .  The performance 
of each  element i s  reported in table  I in t e r n  of. (1) blowout severity 
fac tor  (Vref/pt,inTt,in)m, (2)  range of combustion e f f ic iency   for   fue l -  
a i r   r a t i o s  from 0.0016 t o  0.0036 a t  a pressure of 5.7 inches of mercury 
absolute, a reference  velocity of 75 fee t   per  second, and an i n l e t -  
temperature of 350' F, and (3) comments on the  operation of the elements 
based on visual  observation. Performance 8a€a Y or propane fuel are shown 
in   table  I1 f o r  four of the  better  modifications. 

. . .. 

Combustor  31owout 

Stable  operatSon was not obtained wi th  a simple  conical-shell element 
(model AO) . As i n l e t  blockage was increased,  the stability defined by  the 
blowout severi ty  l i m i t  (Vref/ptSnTt, in) B~ generally  increased.. Thue, 
s t a b i l i t y  was poorest  for models A1 and A2 where inlet-blockage was pro- 
vided by EL V-gutter  extending across the inlet of the  element,. Since 
there was a lso  a tendency f o r  f u e l  t o  spi l l  out of the  V-gutter and the 
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inlet l i p  and  burn  outside  the  element, a r ing was added t o   t h e   i n l e t  of 
model A2 to   control   th is   spi l lage.   Increased blockage w i t h  the  use of 
conical inlets (model B3) gave an Improvement i n   s t a b i l i t y  limits. 
Further  Fncreases i n   s t a b i l i t y  were obtained  by  slott ing  the  inlet  cones 
(models A4 and B4), reducing the inlet-cone  diameter (models A 5  t o  B6), 
or   twist ing  the  serrat ions of the   in le t  cone to increase  the  turbulence 
level   within  the element (models A7 t o  A8) . It was found, however, that 
t h e   s t a b i l i t y  of t he  best conical inlet (model A8) could be duplicated by 
a much simpler  modification  consisting of a circular   or i f ice   plate   blocking 
about 75  percent of the  inlet area. The orif   ice-inlet   configuration was 
investigated  in a nuniber of different   basic  shells (models A9, t o  H9) . 
There appeared t o  be l i t t l e  difference in performance with  respect to 
s t a b i l i t y  between the  various  conical shells, A t o  E, or   the   cyl indrical  
she l l s ,  F t o  E. Excellent combustion s t a b i l i t y  was also  obtained  with 
an orif ice-plate   inlet   wi th  a blockage of only 65 percent (model A 1 0 ) .  

In most cases,   the  severity  factor a t  blowout decreased as fuel-air 
r a t i o s  w e r e  increased. This may be a t t r i bu ted   t o  the f a c t  that the  
elements operated a t  an i n t e rna l   fue l - a i r   r a t io  above stoichiometric. 
For example, the   in te rna l   fue l -a i r  r a t i o  f o r  model B9 w a s  calculated  to  
be 40 t imes  the  over-al l   fuel-air   ra t io ,   neglect ing the aerodynamic 
e f f ec t s  due to  the  burning  within  the element.  For the  over-al l   fuel-air  
r a t i o  range of 0.0016 t o  0.0032, calculated local fue l - a i r   r a t io s   fo r  
this model varied f r o m  0.064 t o  0.128. Thus, at severe  conditions  rich 
blowout  might be expected,  and it was not  surprising  that  the configura- 
t ions  were s l i g h t l y  more stable a t  leaner   fuel-air   ra t ios .  The e f f ec t  
of fue l -a i r   ra t io ,  however, was quite small and (Vref/pt,-inTt,k)BO 
values  presented i n  table I are  average  values  obtained  over a range of 
fue l -a i r   ra t ios .  Blowout was a lso  determined a t  several  mass flows; 
and, although  the  conditions a t  flame  blowout were not  entirely  reproduci- 
ble, the  severi ty   factors  (Vref/pt, inTt, in)BO agreed to   w i th in  20 percent 
fo r   d i f f e ren t  combinations of Vrd and pt,in. Thus, the blowout sever- 
€ty fac tor  of 87X10'5 f o r  model B9 (table I) corresponded t o  blowout (at 
a constant  inlet  temperature of 350' F) a t  approximately 280 fee t   per  
second and a pressure of 5.7 inches of mercury absolute, o r  at 180 f e e t  
per second  and a pressure of 3.6 inches of mercury absolute. In  addition, 
t he  axial location of the  fuel injector  had l i t t l e  influence on conibustion 
s t a b i l i t y  over the  range of positions  investigated. When the injector  was 
located  near t he  downstream end of the  element, however, the   fue l   ho les  
w e r e  drilled at  an  angle of 40° upstrema  of the normal t o  increase the 
residence  time of t h e   f u e l  i n  the  element. 

Propane s t a b i l i t y  data (table 11) indicate that the selected  elements 
can operate  stably  with  this  fuel,  although blowout occurred a t  

('red't, inTt, in)BO values 10 t o  20 percent of the  corresponding  values 

fo r  hydrogen. Bes t  combustion s t a b i l i t y  was obtained  with,models B9 and 
Bll. 
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Combustion Efficiency 

Combustion efficiencies  generally ranged from 80 to 90 percent  for 
all   the  configurations at the  conditions  cited  in  table I. The eff icien- 
cies were calculated  using  area-average combustor-exhaust  temperature6 
and the assumption that the mass flows through each  combustor sector were 
equal. These values were suf f ic ien t ly .accura te   to  allow recognition of 
=os8 changes In performance accompanying the  various  design  features. 
The combustdon efficiency of three of the beat models, B9, C 9 ,  and D9, 
however, was calculated  using  the  incremental-area method expressed by 
equation (3). Theee elements  ranged in inlet diameter from 0.93 (model 
CS) to 1.50 inches (model B9) and in  length from 1.50 (model C 9 )  to 2.00 
inches (models B9 and D9). The smallest  elements ( m o d e l  C 9 )  were  always 
operated  in  pairs  to  secure a coverage of the  duct  area comparable t o  t ha t  
of the  larger  elements.  Efficiencies  are  plotted  against  fuel-air  ratio 
in   f igure 5 for  four  operating  conditions. A t  the most ,severe  condition 
(reference  velocity, 180 ft/sec;  pressure, 5.7 i n .  Hg abe;  and i n l e t  
temperature, 350' F) the  efficiency of models 39, C9, and D9 varied from 
64 to  78 percent. A t  the  conditions of lower reference  velocit ies and 
higher  pressures,  eff  iciency  levels improved appreciably. The e f fec t  
of fue l - a i r   r a t io  on combustion efficiency was  not  large. Combustion 
efficiency was not  determined f%r propane operation  with  these  three 
configurations,  but, w i t h  model Bll, combustion eff ic iencies  of 86 t o  . 
100 percent were obtained w i t h  propane at the  1 A 7  inches of mercury 
pressure  condition  (fig. 5 (d) ) .  

Outlet Temperature Distribution 

With the  simultaneous  operation of only three combustor elements 
within a quarter-annulus  sector  having a ,cross-sec_tio+, area of 105 
square  inches, a nonuniform outlet-  temperature  distribution .was t o  be 
expected. Two mcdifications, 6 and 11, incorporated  V-gutter  flame 
spreaders a t   t h e   o u t l e t  of the  element fo r   t he  purpose of improving the 
outlet  temperature  distribution.  Typical  temperature  profiles  obtained 
with  elements B9 without  flame  spreaders and B l l  with  flame  spreaders 
a t  about  the same fue l - a i r   r a t io   a r e  shown in  f igure 6 .  These profilee 
were conatructed  directly from the  data recorded by the  temperature 
survey  probe by  drawing canstant"temperature  contour  curves between the 
recorded  temperature-position data points. With model BU. the band of 
high  temperatures is much broader, and the  temperature-gradients m e  
reduced . " . .  

Preliminary Performance of Multielement Combustor 

A multielernent combustor ( f ig .  7 )  consisting of-five elements of 
model B11 a t  one radius and three  elements of model B11 at a shorter 

P 

0 
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radius was constructed. This combustor was  mounted i n  a quarter  sector 
of an  annular  housing  identical t o  that used in the  study of the   i so la ted  
elements,  except that the  radial   separator   plates  were omitted. Each 
element had its own fuel  injector  supplied from a common manifold. 

Br ie f   t es t s  were conducted  with th i s   co&us to r   t o  demonstrate  the 
f e a s i b i l i t y  of the  multielement  array. Combustion eff ic iencies  were 
determined  with hydrogen ( f ig .   8 )  a t  two reference  velocit ies of lJ-5 and 
180 feet per second a t  an inlet to ta l   p ressure  of 5.7 inches of mercury 
absolute and an i n l e t   t o t a l  temperature of 3500 F. At a veloci ty  of 115 
fee t   per  second  combustion efficiency  varied-from 92 t o  97 percent, and, 
a t  the  higher  velocity,   efficiency varied from 85 t o  89 percent. The 
combustor was not operated  with  propane. 

The distance  from  the  upstream  end of the combustor elements t o   t h e  
exhaust  instrumentation  plane w a s  13.5 inches, somewhat shorter  than  the 
corresponding  length of 20 inches for  the  earlier  quarter-annulus  channelled- 
wall hydrogen  combustor ( re f .  5).  Efficiencies  with  the latter combustor 
were of the  order of 84 percent at conditions  corresponding t o  a 
Vref/pt, inTt, in value of  52xL0'5 cubic  foot  per pound-second-%, compared 
with 85 t o  89 percent  for  the  multielement conibustor at a Vref/pt,inTt,in 
of 55XW5. 

A typical  outlet  temperature  distribution  obtained  with  this  quarter- 
annulus combustor is ehown in   f i gu re  9.  The temperature  gradients were 
rather  steep  radially  with  the  highest  temperatures a t  the midspan of 
the  duct;   circumferentiallythe  hot gases were well distributed  except 
near the   s ide walls . 

The isothermal  pressure loss f o r  this combustor w a s  approximately 
0.9 percent of the   in le t   to ta l   p ressure  a t  an inlet veloci ty  of 75 f ee t  
per second, or about  4.5 times the inlet   reference dynamic pressure. 

DISCUSSION 

O f  the  several  geometry variables  investigated,  the amount of blockag 
a t  the inlet face of t h e   c d u s t o r  element  had the  largest   effect  on 
cmbust ion  s tabi l i ty .   Best   resul ts  were obtained w i t h  i n l e t  area bloc df. 
as high as 75 percent;   this was  most easily accomplished  with a f la t  p l a t e  
having a circular  orifice.   For  conical  shells,   increased inlet area 
blockage w a s  a l so  produced by a decreased inlet diameter. Where the 
or i f ice-p la te   in le t  w a s  ins ta l led,  however, t h e  amount of blockage at the  
inlet face  provided  by  the  plate was suff ic ient ly  great t h a t  changes in  
the   i n l e t  diameter of the element did  not   affect   cmbust ion  s tabi l i ty .  
The posit ion of the  fuel   in jector   within  the element  shell.appeared t o  
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have no effect  on t h e   s t a b i l i t y  of the element,  provided the injector  
Was not  placed  too  close  to  the downstream end of the element thus 
allowing fuel t o   s - p i l l  out  too  quickly. 

From the 10 orifice-plate  configurations, models B9, C9, D9, and B11 
were arbi t rar i ly   eelected f o r  more extensive  studim3  because  these  elemente 
were conveniently  sized  for a  proposed  multielement combustor. !bese 
elements operated  stably  with hydrogen a t  conditions  eimulating  operation 
of a present-day  engine with a sea- level   s ta t ic  compressor total-pressure 
r a t io  of 6.8 at a Mach  number of 0.9 and a l t i tudes  of 70,000 t o  90,000 8 
f ee t .  Even with  the  less-reactive propane fuel,   stable  operation was ob- 
tzrined a t  condi t ions  shulat ing an a l t i tude  of 70,000 f ee t .  Although 
these models were selected f o r  expedience, it must. also be noted that 
excellent performapce was obtained w i t h  other  configurations,  particularly 
the  cylindrical   shells-  A further  invest.Cgati% also iiGy be warranted 
of other  types of Inlet  blockage  such as perforated  plates, which have 
been shown t o  be very effective  turbulence promoters and flame 
stabilizers ( ref .  11). 

0 

The combustion eff ic iencies  of the selected models, B9 t o  D9, are  
presented  as a function of over-al l   fuel-air   ra t io  in figure 5. This 
fue l -a i r  ratio was based upon the   en t i r e  mass flow through  each combustor 
sector,  and the values of this fue l - a i r   r a t to  were considerably  leaner 
than  those  expected  with a fu l l  combuetor. The airflow through  each 
sector  served only one isolated combustor element,  whereas in a complete 
array  three o r  more elements w o u l d  occupy this  space.  

The combustion eff ic iency of the three  selected models is plot ted 
as a function of the parameter vref/pt, i n T t , h  at a representative  fuel-  
air ratio of 0.0030 in figure 10. The data were obtained from the   f a i r ed  
curve8 of f igure 5. A s  expected from previous  experience  with t h i s  
parameter (ref. 7 ) ,  combustion efficiency  decreased w i t h  an  increase in 
Vref /pt, inTt, in. Model239 gave somewhat  hlgher  eff  Faiencies than the 
other two configurations. However, the sprea&.among the   eff ic iencies  
of the  three models s h m  in   f igure  10 was probably less than the inac- 
curacy in  the  determination.of COmbU6tiOn efficiency,  since  the nonuniform 
outlet  temperature and pressure  profiles  introduced sampling errors .  

I 

The preliminary program wi th  the  quarter-annulue conibustor used an 
array of model BI1 .elements with out le t  V-gutter  flame  spreaders f o r  
control of temperature  distributions. Conibustion eff ic iencies   with  this  
combustor were higher than those  obtained with the  longer  channeled-wall 
hydrogen combustor (ref. 5) at corresponding cona-fstions. In addition, 
the  isothermal  total-pressure-loes f o r  the  multielement combustor wae 
about 4.5 tfmes the  inlet   reference dynamic pressure, a value considered 
more than  satisfactory. The outlet  temperature  distribution (fig. 9) had m 
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sharp radial gradients,  but no e f f o r t  was made t o  optimize this charac- 
t e r i s t i c  of the combustor. It is reasonable t o  expect that improvements 
in  the  temperature  distribution can be brought  about  with small modifica- 
t ions   in   the  array of elements. 

No s ignif icant  amount of warping or  erosion of the  swirl-can  elements 
occurred  during  the  course of the. invest igat ion,  which accumulated more 
than 60 hours of operating time. The elements, however, were not operated 
for   very long periods of time a t  high-temperature  conditions.  Visual 
observation of the  elements through a perfscope showed that the  metal 
she l l s  glowed red in  some cases,  indicating w a l l  temperatures of perhaps 
1200' t o  15W0 F. The elements  operated  cooler at higher   fuel-air   ra t ios  
because of the  cooling  effect  of the  fuel   a long the metal surfaces. 

It is f e l t  that the  use of swirl-can combustor elements malres possible 
the  design of a short-length,  low-pressure-loss hydrogen  combustor. The 
combustors appear t o  be  adaptable to   l ess - reac t ive  vapor fue ls  auch as 
propane if high combustion eff ic iency is not  required a t  low pressures. 
Furthermore, the  elemental,  or modular, technique of constructing a 
turbojet  combustor has  the  additional advantage of being a simple method 
of scaling from experimental combustor portFons to   ful l -scale   annular  
combustors of any  size. 

SUMMARY OF RESULT3 

The following  results were obtained  in  an  investigation of swirl-can 
combustor elements f o r  a short-length,  hydrogen-fuel  turbojet combustor: 

1. With 1.5- t o  2.5-inch-diameter  conical  or  cyl'indrical combustor 
elements, combustion eff ic ieqcies   near  70 percent were at ta ined a t  a 
reference  velocity of 180 fee t   per  second, a pressure of 5.7 inches of 
mercury absolute, and an inlet temperature of 350' F. These elements 
operated staQly to  velocitFes as high as 280 fee t   per  second at the same 
inlet air pressure and 'temperature-. 

2. The combustor elements also  operated  satisfactorily;  with-uane 
a t  less severe  conditions a t  a reference  velocity of 75 fee t   per  second, 
a pressure of 14.7 inches  of  mercury  absolute,  and an inlet  temperature 
of 350° F. .A 

3. Exhaust  tempeFature  distt._lbut  ions from the  conibustor elemenp, 
while  normally  exhibiting a hot,  core of gases 'at the centerline of the  
elenient, were. improved by the  use of V-Wtter  flame  spreaders at the 
out le t  of the  elements. 
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4. A 13.5-inch-long  quarter-annulus  combustor  composed of' an array 
of  elements  operated  with  combustion  efficiencies  of 85 to 89 percent  at 
8 reference  velocity of. 180 feet  per  second, a pressure of 5.7  inches of 
mercury  absolute,  and  an  inlet  temperature of 350° F. The  isothermal 
total-pressure  drop w a ~  0.9 percent of the combustor-inlet  total  pressure 
at a refkrence  velocfty of 75  feet  per  second and the  same  inlet  air  pres- 
sure  and  temperature.  The outletmperature dlstribution was  not  satis- 
factory,  but no work was  done  to  optimize  this  aspect of the  combustor 
performance. - k b  

CEI a 
0 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland,  Ohio,  March 19, 1957 
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TABLE I. - SUMMMY OF DATA FOR INDIVIDUAL CCHBUSTOR ELEMENTS WITH HYDROQEN FUEL 

Description and 

figuration (all 
dimensions In  
inchee) 

sketch of con- 

%ize A 
Basic conical shall, 

2.00 

V-gutter  Inlet  end 
ring 

1.45 B 
7 

bas ic  aonlca l  she l l ,  
Conical inlet with 

s i z e  B , 2.00 , 

. .50 9 
A she l l  
Slat ted  cordcnl   Inlet  

.- 

Slot ted   conica l   in le t  
B she l l  

B 

Orlginal swirl "" 

V-gutter  placed 
B ~ O B E  I n l e t  t o  
dement shell t a  
increase  e tabi l -  

I 
i t y  by crea t ing  

region within 
stable p l lo t lng  

V-gutter 

Small  ring added 
around i n l e t -   t o  
reduce mal e p l l l -  

with model A 1  
age experienced 

3mo-5 

33na-5 

80 t o  so Operatlon poor; f u e l  
tended t o   s p i l l  cut 

m e n t  In l e t  and bum 
of V - p p t i x r  and e l e -  

a t s i d e  element. 

i n  fuel sp i l lage .  
Operation w a n  appar- 
e n t l y   i n f e r i o r   t o  
t h a t  w i t h  A I ,  snd use 

was abandoned. 
of Inlet   V-gutters 

I n l e t  blockage Element was very  sen- -BO 38X10m5 

cal i n l e t ,  which 
created low- 
mloc l tg   r eg ion  
around cane 

pFW1ded by C o n i -  a l t . 1 ~ 0  to iuel-alr 
r a t i o .  Inlet  block- 
age was apparently 
insufficient. 

Slota cut i n t o  
i n l e t  cone t o  

24Xlo-= 

Fncreese 
t l t ab l l i ty  IL¶a poor. -------- 

Same as A i ,  with 
B size   shel l   nhcTtret ter   because 

of the inareased 
inlet b l o o m  Of 
ahel l  B. 

Rmtal blockage 
Increased  with 

38X1Od 75 to 85 

smaller-dlameter 
lnlet cone, while 

Falr  s t a b i l i t y ,  

Kent over that or 
A4 

~repreaent lng  improw- 

retaining id- 
vantagea of s l o t s .  

I I 
. . ". iL" - - .- . . . ." ." . .  

i 
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Cncmenta an operation 
of ambustor element 

Lpproximau 
m e  of 
:ombustion 
! f f i c i enc~  
at 5.7 ln 

where noted) 

Redwed-dlamctar 
slotted  conical B sire shell  
inlet,  B shell  I Sam% an E., w i t h  -85 Advantages  of reduced- 

diameter in le t  slso 
evident i n  B size 
shell. 

Reduced-diameter 
slotted  conlcal  inlet 
with outlet  P-gutter rlame spreaders 

-85 R U m e  spreaders had 
favorable influence on 
cutlet  temperature 
distribution en din- 
cussed in text. In- 
provelrsnt in stabllLty 
ma6 a l s o  noted. 

51x10-5 L 7  misted  serrated 
conical  inlet. A 
shell  

Reduced-diameter 
tuisted, serrated 
conlral m e t  

68x10-5 80 to so Frontal blockage re- 
duced w i t h  emaller- 
diameter cone, using 
inlet of model A7 

87xlo-5 85 ta 92 Bxceptlonally stable. 
)rUloe-lnlet rudels 
Imvmd to hc  the moat 

a r i f ice   in le t ,  w i t h  
basic  oonical shell, 
size B 

87 KL05 Orifice  inlet in- 
s t a t l e d  in  B coni- 

l e t  diameter  than ia 
slightly  smaller in- 
c a l  Shell, wNah had 

72X10-5 Orifice M e t  Ln- 
stalled in C carlcal  
shell. WNch was 

aad diameter than 
smaller in length 

A or B she l l  and 

:9 



TABLE: I. - Concluded. 3UMARY.OF DATA FOR INDIVIDUAL COMBUSlWR l%E"TS KITH HYDROoEN FUEL 

DeSCrlDtlon and 

figuration ( a l l  
sketch- of con- 

dimensions in 
inohes) 

Orifiae inlet, with 
basic  conioal  shell,  
size  D 

basla  conical sha l l ,  
Urlfiae i n l e t ,  w i t h  

size E " 

Orli ice   inlet ,  with 
bas i c   ay lhd r l ca l  
shell .  s i ze  F 

Orlf ice   inlet ,  with 
basic  cyllndricaI 
she l l ,  s i z e  0 

larger opening 

& W o e   l n l e t  with 
out le t  V-gutter i l am 
apreaders 

Purpose of 
modifiaation 

Orifice Inlet in- 
stalled in D coni- 
cal she l l ,  which wa 
equal to  A and B in 
length  but  smaller 

a t l e t  dlameter 
i n  both i n l e t  and 

Orif ice   inlet  in- 
s t a l l &  in E coni- 
cal she l l ,  which ua 

and out le t  diameter 
equal t a  B In  l n l e t  

but  longer 

- 

Ssme as AS to E9, 
but   in   cy l indr ica l  

shor tes t  in length 
she l la j   she l l  F 

which vas  equiva-. 
lanttu F in durn-  
e ter   bu t   lmger  

" . - 
Grlf ice   in le t  ln- 
s t a l l ed  ln A aylin- 
dr ical   ahel l ,  which 
wan equivalent  to G 
ia diameter  but 
longer 

Large or i f i ce  open- 
ing   a rea   ra t io  
0.3Sf used t o  d;- 
termine if decreased 
i n l e t  bloakage waulc 
give  sat isfactory 
rpnu1 t s 

B i g h t  V-gutter  flame 
spreaders added t o  
out le t  of BS t o  lm- 
prove out le t  temper- 
a ture   dis t r ibut ion 

.. :,: -.. 

. .  . .  

9SX10-5 

8s XlO* 

84 XIOd 

92XJ.0-5 

84x10-' 

eo m0-5 

. " 

Approximat 
range of 
combustim 
efficiency 
(at 5.7 i n  z;, 75 

percent 

[More com- 
86 t o  99 

" 

65 t o  95 

80 t o  90 

80 t o  90 

80 t o  90 

85 t o  92 

Comments on operatlon 
of ombustor element 

Approximately same 
performance KO AS 

. 

Approximately same pcr- 
formnee a8 AB although 
model tended to blow w 
st rioh fue l -a l r  Mtiom 

-. 
kpproxlmstely same 
performance am A9 

LpproxlmatelT name 
~ecformanco M A9 

Iver the limited range 
,t orifioe-araa ratlos 
.nvestlgatad, t h i n  
rlockage change did not 
p e a r  t o  affaot per- 
olpance of elements. 

rperated mainly with 
mopane. Same Improvs- 
lent in w t l e t  temper- 

'-gUttm flame apremlerl 
. ture d i D t P l b U t i O t I  with 

.n was noted wlth BB 

. 
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e- d COMBUSTOR ELEMENTS WITH PROPAm F'UEL 

c9 
D9 
B11 

9.3 

7.7 
15 

Approximate range 
of combustion eff i- 
ciency (at 14.7 in. 
~g abs, -75 f t / sec ,  
350° F), 

percent 

(Not determined) 

(Not determlned) 

(Not determined) 
86 to 100 



To atmosoheric 
Combustion a i r  exhaust 
f o r  preheater A 

& 

To al t i tude 
exhaust 

t 

Flgure 1. - Instal la t ton of experimental quarter-amnxlus combustor housing for invest imtion 
of individual combustor elements. 

I I 0 06ET ' 



. . . . .. . 

I 

. .. . 
4390 , I 



. . . . . . . 

N 
N 

5.00- 

Buel-srrpply tube - 
" + I  

L 

r- Be 
10 

T 
Rad., 

1 
1.7 I 

I 

. .  . .  . 

06s) ' 
. .  . .  . 



I b 

..  .. 

. .  . . .  

1 4390 

.. . . .  .. . . . 

N w 



. . . . . . , . , 

(a) C ~ E S  section. (All dimenelone in inches.) 

Hgue 4. - concluded. 'pypical combustor elements. (see table I for principal dbmsiona.) 
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(a) &del B9. Efficiency  calculated using incremental-area methcd. 
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Fuel-alr   ra t io  

(b) Model C9. Efficiency  calculated  ueing  incremental-area method. 

Figure 5. - Combustion efficiency of selected cwibustor elements with or i f i ce  inlets. Inlet 
temperature, 350° F. 
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Fuel-air r a t i o  

(c) Modal D9. Efficiency calculated using incremental-area method. 

(a) Model Bll wit-trpropane. Efpiciency calculated using area-averaged combustor- 
exhaust  temperatures . 

Figure 5. - Concluded. Combustion efficiency of s e l e t e d  combuetor elements with 
orifice I n l e t s .  Inlettemgerature, 350° F. 
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(a) Typical temperature distribution from m o d e l  B9 without 
outlet flame spreaders. - 
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(b) Typical temperature distribution from model BIL with 
outlet flame spreadere. 

Figure 6. - Temperature contours 13.5 inches  downstream of 
single combustor  elements.  Combustor-inlet  pressure, 5.7 
inches of mercury absolute;  combustor-inlet  temperature, 

ratio, 0.0025. Location of downstream  edge of element 
350' F; reference velocity, 75 feet per second; fuel-air 

shown  by  broken lines. 
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Figure 7. - Photograph of quarter-annulus ombustor coqmsed of an array of model B l l  
combustar elamenta. 
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Figure 8. - Combustion ef'ficfency of a quarter-annulus combustor 
composed of an array of eight model Bll combustor elements. 
Inlet  temperature, 350° F. 
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Figure 9. - T~mperature  contours 13.5 inches downstream of  quarter-annulus combustor composed 
of an m y  af elght combustor elements. Combustor-inlet pressure, 5.7 lnuhee of mercury 
absolute; conibustor-inlet  temperature, 3500 I?; reference veloclty, 75 feet per second; 
fuel-air  ratlo, 0.0064. 

I 

0Gt I 

. .. .. 



NACA RM E57C18 31 

designat ion 

80 

60 I I I I I I 
10 20 30 40 50 60~10'~ 

Correlat ion Parmeter, Vref/pt, inTt, cu ft/( . lb ) (sec) (OR) 

Figure 10. - Conibustion efficfency  of  three selected orif ice-  
i n l e t  combustor elements as function of correlation param- 
e te r .  Fuel-air  r a t io ,  0.0030. 
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